The genomic architecture underlying ecological divergence and ecological speciation with 50 gene flow is still largely unknown for most organisms. One central question is whether 51 divergence is genome-wide or localized in "genomic mosaics" during early stages when gene 52 flow is still pronounced. Empirical work has so far been limited, and the relative impacts of 53 gene flow and natural selection on genomic patterns have not been fully explored. Here, we 54 use ecotypes of Atlantic cod to investigate genomic patterns of diversity and population 55 differentiation in a natural system characterized by high gene flow and large effective 56 population sizes, properties which theoretically could restrict divergence in local genomic 57 regions. We identify a genomic region of strong population differentiation, extending over 58 approximately 20 cM, between pairs of migratory and stationary ecotypes examined at two 59 different localities. Furthermore, the region is characterized by markedly reduced levels of 60 genetic diversity in migratory ecotype samples. The results highlight the genomic region, or 61 "genomic island", as potentially associated with ecological divergence and suggest the 62 involvement of a selective sweep. Finally, we also confirm earlier findings of localized 63 genomic differentiation in three other linkage groups associated with divergence among 64 eastern Atlantic populations. Thus, although underlying mechanisms are still unknown, the 65 results suggest that "genomic mosaics" of differentiation may even be found under high levels 66 of gene flow, and that marine fishes may provide insightful model systems for studying and 67 identifying initial targets of selection during ecological divergence. 68 69 70 71 72
Introduction
where gene flow is more restricted and genomic divergence pronounced (Via 2009; Weetman 96 et al. 2012) . 97 Hitherto, the investigation of genomic patterns associated with ecological divergence 98 has been restricted to a few, well known model systems, such as walking stick insects (Nosil (Shapiro et al. 2004; Colosimo et al. 2005;  type of behaviour have been identified through electronic tagging of fish in the wild 143 (Grabowski et al. 2011 ), suggesting that hybridization may occur in nature, but the degree of 144 interbreeding and level of gene flow between ecotypes is presently unknown. Traditionally, 145 morphological characters, such as ear bone structures (otoliths), and single gene markers, 146 such as the membrane protein gene pantophysin (Pan I), have been used to designate 147 individuals as either migratory or stationary (Berg & Albert 2003; Pampoulie et al. 2008; 148 Wennevik et al. 2008) . Recently, population genetic work has provided some molecular 149 evidence for adaptive divergence between the ecotypes from Norway (Moen et al. 2008; 150 Nielsen et al. 2009b) , and the finding of consistent migratory profiles over consecutive years 151 for individual fish has suggested a genetic basis for ecotypic divergence in Iceland 152 (Thorsteinsson et al. 2012 ). Yet, the evolutionary relationship between ecotypes is still largely 153 unknown (Nordeide et al. 2011) as is the underlying genomic architecture associated with the 154 observed ecotypic differentiation. Furthermore, despite the ecological similarities described 155 above, the evolutionary relationship between Norwegian and Icelandic populations in these 156 parallel systems has not previously been explored.
Sampling 167 Tissue samples of 31-40 adult individuals were collected from each of seven spawning 168 locations and one feeding ground ( Fig. 1 and Table 1 ). Samples representing stationary 169 ecotypes, named "coastal cod" or "stationary cod" in Iceland and "Norwegian coastal cod" in 170 Norway, and migratory ecotypes, named "frontal cod" or "migratory cod" in Iceland and 171 "Northeast Arctic cod" in Norway, were collected from spawning grounds from Iceland and 172 Norway, and individuals were assigned to ecotype based on sampling location and depth 173 (Iceland) and ear bone (otolith) morphology (Norway, see also Wennevik et al. (2008) ). In 174 Iceland, samples were collected in inshore waters (depth: 58 m), known to be mainly 175 inhabited by the stationary ecotype, and from a deeper offshore location (depth: 135 m), 176 where the migratory ecotype has been suggested to predominate (Pampoulie et al. 2006; 177 Pampoulie et al. 2008) . In Norway, stationary and migratory ecotypes were collected on 178 spawning grounds near the island of Lofoten on the northern Norwegian coast. Due to 179 overlapping spawning areas between the two ecotypes (Grabowski et al. 2011; Nordeide et al. 180 2011) there is a risk of including hybrids and/or misclassified individuals in samples collected 181 from spawning areas. Thus, we included a sample from the extreme northern feeding grounds 182 in the Barents Sea ( Fig. 1 with the reference populations, the sampling scheme targeted the major population complexes 189 in the species (O'Leary et al. 2007; Bigg et al. 2008) . The reference populations in the North Sea and the Baltic Sea are not known to undertake long-distance migrations. However, to 191 allow a direct comparison between the two ecotypes, we refer only to the "stationary" ecotype 192 where it can potentially interbreed with the "migratory" ecotype.
193
In order to assess temporal stability of genomic patterns, we also analysed temporally SNPs were anchored to the linkage map by mapping the 120 bp flanking sequence of each 213 SNP, available in public data bases, onto the ATLCOD1A genome assembly (Star et al. 2011) using BLASTN with an e-value threshold of 10 -10 . While these SNPs could be assigned to 215 linkage groups, their position within linkage groups is unknown. We highlight loci in linkage 216 groups previously found to be targets of selection in Atlantic cod (i.e. loci in linkage groups 2, 217 7 and 12, see Bradbury et al. (2010) ) along with loci in linkage group 1, which was found to 218 be highly differentiated between ecotypes in this study (see results). The ATLCOD1A 219 genome assembly was also used to estimate the distance (in base pairs) between adjacent 220 SNPs located within the same scaffolds. Weinberg equilibrium across loci within each sample, we corrected results for multiple testing 231 by using a false discovery rate (FDR) threshold of 5%. FDR correction was done with the 232 package STATS for R, following (Benjamini & Hochberg 1995) .
233
Individual locus pairwise FST coefficients, following (Weir & Cockerham 1984) , 234 were estimated with the R package GENELAND (Guillot et al. 2005) , and mean and 95% 235 confidence intervals were estimated from 1000 data sets generated by bootstrapping over loci. had an effect on global FST. In addition, we conducted the outlier test for a dataset where loci 269 with a minor allele frequency below 10% had been excluded in order to examine if outliers 270 were confirmed at a more stringent threshold.
272

Results
273
Data filtering and control 274 Following genotyping and initial data filtering, 295 individuals and 1282 loci were exported 275 for statistical analyses (Table S1 ). Data quality among retained loci was generally high, with 276 95% of loci having an average GenCall (GC) score above 0.61 for called genotypes. Initial 277 blast results identified three pairs of identical loci mapping to the same scaffold and position 278 within scaffold (Table S1 ). One locus from each pair was removed from further analyses. Ten 279 loci were removed from all analyses due to departures from Hardy-Weinberg equilibrium in 280 more than half of the eight samples. After this filtering, only a few loci (between 0 and 11, see 281 Table S1 ) deviated significantly in each sample, suggesting conformance to Hardy-Weinberg The majority of analysed loci, 983 of 1199, were already placed on the linkage map (Table   294   S1 ). In addition, we were able to assign linkage groups to another 161 SNPs, although with 295 unknown position within linkage groups, through blasting against the ATLCOD1A genome 296 assembly (Table S1 ). Among the remaining 55 loci, 32 SNPs did not map to a scaffold while 297 23 SNPs were found in scaffolds that did not contain mapped SNPs. Thus, these loci could 298 not be assigned to any linkage group. While most loci mapped to a scaffold, 227 SNPs 299 mapped to scaffolds containing just the one SNP. The remaining loci were distributed on 236 300 scaffolds, with the majority of scaffolds containing only few SNPs (Fig. S1 ). This distribution 301 illustrates the relatively fragmented nature of the current genome assembly. The distribution 302 of distances between adjacent SNPs within scaffolds was also skewed towards lower values 303 ( Fig. S2) . Thus, the distance to the previous SNP within the same scaffold was below 50,000 304 bp for most loci and only few pairwise distances were above 1Mb. Correspondence analysis showed marked differences between the two ecotypes with 308 migratory and stationary samples forming completely separate clusters, each containing both 309 In contrast, these samples grouped according to geographic origin when a reduced "neutral" 311 data set (i.e. where 87 significant and highly divergent outlier loci had been removed, see also 312 below) was analysed (Fig. 2b) . The North Sea and Baltic Sea samples, representing 313 geographically isolated samples, were also genetically isolated in both data sets (Fig. 2) .
314
These results were confirmed when loci with a minor allele frequency below 10% were 315 removed ( Figure S3 ), illustrating that these global patterns were robust to the inclusion of rare 316 alleles. The patterns were supported by estimates of pairwise FST (Table S2 ). With the 317 reduced (neutral) data set, confidence intervals overlapped with zero when comparing 318 ecotypes from spawning grounds within localities. In contrast, although pairwise FST 319 estimates were low, confidence intervals did not overlap with zero when similar ecotypes 320 were compared across the two localities (Table S2) . ), showed elevated differentiation for loci across most linkage groups, as did the 335 comparison between the North Sea and the western Atlantic sample (Fig. 3h ).
336
Observed levels of heterozygosity also varied among linkage groups (Fig. 4) .
337
Remarkably different patterns in the distribution of heterozygosity were observed among the 338 populations, with dramatic reductions in linkage group 1 in the migratory ecotype samples 339 ( Fig. 4a-c) . In addition, reduced levels of heterozygosity were observed in linkage group 7 for 340 the migratory ecotype samples (Fig. 4a-c) , the North Sea population sample (Fig. 4d ) and the 341 western Atlantic sample (Fig. 4h ), while the stationary ecotype samples showed increased 342 levels of heterozygosity for the same genomic region ( Fig. 4e and 4f ).
343
Eighty-seven high FST outlier loci were identified through Bayesian regression on a 344 data set excluding the highly divergent western Atlantic sample and loci with a minor allele 345 frequency below 2%. These outlier loci were primarily located in linkage groups 1, 2, 7 and 346 12 (71 of 87 outliers; Table S3 ). Global FST changed only slightly (from 0.056 to 0.065) 347 between minor allele frequency thresholds of 0% and 20% (Fig. S5) . Changes in global FST 348 were larger for thresholds above 20%, but these analyses only included few loci since most of 349 the loci were removed from analysis at these very high thresholds. In addition, an outlier test 350 including only loci with minor allele frequencies above 10% identified almost the same set of 351 outliers as the test applied on loci with minor allele frequencies above 2% (only four outlier 352 loci were not identified with a threshold of 10%, see Table S3 ). Thus, results from the outlier 353 test appear very robust to the effects of loci with low information content (see also discussion 354 in Roesti et al. (2012b) ).
355
Patterns of single locus population differentiation and genetic diversity were 356 confirmed when temporal replicates of the samples from the North Sea, the Baltic sea and 357 both migratory and stationary ecotypes from Norwegian spawning grounds were analysed ( Fig. S6 and Fig. S7 ). Differentiation was increased in linkage groups 1, 2 and 7 in the 359 comparison between the two ecotypes, while differentiation was increased in linkage groups 360 2, 7 and 12 in the comparison between the North Sea and the stationary samples.
361
Differentiation was low across the remaining linkage groups in these comparisons, while 362 differentiation was high across all linkage groups in comparisons involving the Baltic Sea 363 sample (Fig. S6 ). Genetic diversity was drastically reduced in linkage group 1 in the 364 migratory sample. In addition linkage group 7 showed decreased diversity in the migratory 365 and North Sea samples, while it showed increased diversity in the stationary sample. Finally, 366 loci in linkage group 12 showed decreased diversity in the North Sea sample (Fig. S7 ). These 367 results indicate temporal stability of observed patterns.
368
A detailed investigation of the loci in linkage group 1 revealed that loci displaying 369 elevated levels of population differentiation between migratory and stationary ecotypes were 370 located between 14.3 and 37.2 cM ( Fig. 5 and Table S4 ). This pattern was evident for both Table S1 ). In addition to identifying a region of high differentiation between ecotypes in linkage group 1, 377 we confirmed earlier findings suggesting selection in linkage groups 2, 7 and 12 in Atlantic Extremely shallow population differentiation across most of the genome (Fig. 3a-c) as 405 well as the close relationship among populations within geographic locations (across ecotypes), as estimated with neutral genetic markers (Fig. 2b) , suggest two possible scenarios 407 for the origin of migratory ecotype populations. In one scenario, the migratory ecotype arose 408 twice through convergent evolution in two parallel systems (Iceland and Norway) following 409 colonization after the last glacial maximum (LGM) around 21,000 years ago. Similarities 410 within geographic regions (Fig. 2b) out, the data are also consistent with the alternative interpretation that the migratory ecotype 448 was affected by a selective sweep linked to the unique life-history characteristics known for 449 these populations. It is plausible that the life-history strategy of the migratory ecotype is 450 linked to utilizing high productivity frontal niches in the Arctic for feeding (Stensholt 2001; 451 Grabowski et al. 2011), and that the well-described migratory and behavioural characteristics 452 reflect this adaptation. Alternative and more specialized adaptations to different temperature conditions (Righton et al. 2010; Grabowski et al. 2011) are also likely linked to these 454 differences in life-history strategies between ecotypes. 
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In Atlantic cod, patterns of genomic differentiation associated with clearly 532 differentiated populations from the Baltic Sea and the western Atlantic were different from 533 those observed between weakly differentiated groups. Among highly divergent populations, 534 population differentiation was found across all linkage groups ( Fig. 3 and Fig. S4 ), suggesting 535 reproductive isolation and reduced gene flow (Nielsen et al. 2003; Feder et al. 2012a) .
536
Divergence between the eastern and western Atlantic is believed to be more than 100,000 537 years old, predating the last glacial maximum (Bigg et al. 2008 ). Thus, it may not be 538 surprising that time has allowed genomic differentiation to develop across the Atlantic. In the 539 case of the Baltic Sea, however, Atlantic cod most likely colonized the region following the 540 last glacial retreat from this area around 8,000 years ago (Nielsen et al. 2003; Johannesson & 541 Andre 2006). For Atlantic cod and many other marine species, it is therefore plausible that 
